A mutant BamHI endonuclease, E77K, belongs to a class of catalytic mutants that bind DNA efficiently but cleave DNA at a rate more than 103-fold lower than that of the wild-type enzyme (S. Y. Xu and I. Schildkraut, J. Biol. Chem. 266:4425-4429, 1991). The preferred cofactor for the wild-type BamHI is Mg2+. BamHI is 10-fold less active with Mn2+ as the cofactor. In contrast, the E77K variant displays an increased activity when Mn2+ is substituted for Mg2, in the reaction buffer. Mutations that partially suppress the E77K mutation were isolated by using an Escherirhia coli indicator strain containing the dinD::lacZ fusion. These pseudorevertant endonucleases induce E. coli SOS response (as evidenced by blue colony formation) and thus presumably nick or cleave chromosomal DNA in vivo. Consistent with the in vivo result, the pseudorevertant endonucleases in the crude cell extract display site-specific partial DNA cleavage activity. DNA sequencing revealed two unique suppressing mutations that were 'located within two amino acid residues of the original mutation. Both pseudorevertant proteins were purified and shown to increase specific activity at least 50-fold. Like the wild-type enzyme, both pseudorevertant endonucleases prefer Mg2Y as the cofactor. Thus, the second-site mutation not only restores partial cleavage activity but also suppresses the metai preference a$ well. These results suggest that the Glu-77 residue may play a role in metal ion binding or in enzyme activation (allosteric transition) following sequence-specific recognition.
The BamHI restriction endonuclease purified from Bacillus amyloliquefaciens H cleaves the symmetric DNA sequence 5'-GGATCC-3' between the two guanines on both strands (reviewed in reference 17). The coding sequence for BamHI has been cloned and sequenced, and the enzyme has been overexpressed in Escherichia coli (2, 3, 10) . Like all type II restriction endonucleases, BamHI requires the divalent cation Mg2' as a cofactor for cleavage activity. Mn2+ can be substituted for Mg2+ in the reaction, but the enzyme activity is reduced (24) . Mn2+ also decreases the enzyme specificity, allowing BamHI to cleave noncanonical sequences (BamHI star sites; 10, 14) . The DNA-binding activity, however, is independent of metal cofactor (17, 28) .
The SOS regulon consisting of about 20 genes in E. coli is negatively regulated by the LexA repressor (reviewed in references 19, 22, and 25) . The repressor can be cleaved and inactivated by the RecA protein to derepress the genes in the regulon. The proteolytic activity of the RecA protein is activated by a signal (e.g., single-stranded DNA or oligonucleotides) upon DNA damage or inhibition of DNA replication. As the result of DNA damage or DNA replication interference, the genes in the SOS regulon are expressed at an increased level. E. coli indicator strain AP1-200 contains a dinD: :lacZ fusion in which the lactose operon is fused to a DNA damage-inducible promoter (12) . --Galactosidase expression is increased upon treatment of the cells with UV, mitomycin C, or other DNA-damaging agents (5-8, 12, 21) . It was shown that EcoRI temperature-sensitive mutants or EcoRI mutants with partial cleavage activity induce the SOS response by causing damage to the E. coli chromosome (5, 7, 8) . Furthermore, EcoRI mutants with relaxed specificity have been isolated by screening for SOS-inducible blue phenotype in the presence of EcoRI methylase (6) .
Previously, we isolated three mutant BamHI endonu-* Corresponding author.
cleases (E77K, D94N, and E113K) that bind to DNA but cleave at less than 0.1% of the wild-type rate (28) . In this report, we demonstrate that the purified E77K endonuclease differs in cofactor preference from the wild-type enzyme. By using a dinD: :lacZ indicator strain, we isolated two suppressor mutations from the E77K mutant. We determined the effects of Mg2+ and Mn2+ on the activities of the pseudorevertant endonucleases.
MATERIALS AND METHODS
Bacterial strains, media, and reagents. E. coli AP1-200 [endAl thi-J supE44 hsdRJ7 mcrB251 mrr-253 lacZ::TnJO dinD1::Mu d11734 (Kanr lacZ+)IF' lacIq lacZ::TnS] was obtained from A. Piekarowicz (via E. Raleigh; 21). ADK21 is an E. coli K802 (26) derivative carrying a lambda prophage (A imm434 ind bamhIM+) that constitutively expresses the BamHI methylase (11) . Plasmid pADE15 (bamHIM+ Kanr Camr), a pACYC184 derivative, contains the gene coding for the BamHI methylase (11) . E. coli ER1755 (mutD5 kdgKSJ xyl-5 mtl-i argE3 thi-J thr-J ara-14 leuB6 lacYl tsx-33 supE44 galK2 hisG4 rfb-i mgl-51 rpsL3i/F' lacIq L8 pro)
was from E. Raleigh (27) . Luria-Bertani (LB) medium, LB agar, and SOB medium (20 g of tryptone, 5 g of yeast extract, 0.6 g of NaCl, 0.2 g of KCl, 10 mM MgCl2, and 10 mM MgSO4 in 1 liter) were as described previously (15, 16) . Media were supplemented with ampicillin at 100 ,ug/ml, kanamycin at 50 ,ugIml, and chloramphenicol at 30 ,ug/ml where needed. 5-Bromo-4-chloro-3-indolyl-3-D-galactopyranoside (X-Gal) was (18, 23) . Plasmid minipreparations were made by a boiling method (9) . BamHI methylase-modified pBR322 DNA (in vivo BamHI site methylation) was prepared from an overnight culture of ADK21 (A imm434 ind bamhIM+) (pBR322) by the Qiagen midi method described above. A pBR322 variant lacking BamHI site (pBR322-BamH-) was constructed by cleavage of pBR322 with BamHI endonuclease. The ends were filled in with the Klenow fragment of E. coli DNA polymerase I and ligated with T4 DNA ligase, and DNA was transformed into E. coli. E. coli cells were made competent by growth in SOB medium and CaCl2 treatment. The cells were transformed by a standard procedure (15) .
Mutagenesis. Plasmids were mutagenized by passage through a mutD E. coli strain (6) . Plasmid pAEK14-E77K, carrying a G-to-A transition at codon 77 in the bamhIR gene, was transformed into ER1755 (mutD5). All Ampr transformants on the plate were collected and pooled, and plasmid DNA was prepared by a boiling method (9) . The mutagenized DNA was subsequently transformed into AP1-200 and plated on LB agar supplemented with ampicillin and X-Gal. Light to medium blue colonies containing a putative mutation(s) in the bamhIR gene were checked for plasmid-linked blue phenotypes by isolating and reintroducing the plasmids into AP1-200. They were further screened for DNA cleavage activity in crude cell extracts. The revertant plasmids were also checked for gross DNA rearrangement by EcoRI, HaeII, HindlIl restriction digestion.
Deletion of the bamhlR gene. To map the suppressing mutations, a restriction fragment containing the entire bamhIR gene was deleted by a double NcoI and HindIll restriction digest. The DNA ends of the vector were filled in with Klenow fragment and religated with T4 DNA ligase at a low DNA concentration. The ligated DNA was transformed into AP1-200 indicator cells and plated on X-Gal and ampicillin plates.
Preparation of crude cell extract and enzyme purification. Cells containing pAEK14-bamhIR+ or pAEK14-E77K or revertant plasmids were grown at 37°C to 2 x 108 cells per ml in LB media. Isopropylthiogalactoside (IPTG) was added to 0.4 mM to induce endonuclease production, and incubation was continued for 2 h. Induced cells were chilled on ice, centrifuged, and resuspended in 0.5 ml of sonication buffer (10 mM Tris-HCl [pH 7.8], 2 mM EDTA, 10 mM P-mercaptoethanol). Cell lysis was completed by addition of lysozyme (12.5 F.g/ml) and sonication. Cell debris was removed by centrifugation, and the supernatant was assayed for DNA cleavage activity. For enzyme purification, the procedure was scaled up to 2 liters of cell culture and the protocol of Jack et al. (10) was used.
P-Galactosidase activity assay. Overnight cell cultures were assayed for ,3-galactosidase activity as described previously (16) .
RESULTS
Enzyme purification. The wild-type BamHI purification procedure (10) was followed to purify the E77K endonuclease. It was purified to >95%, as judged by Coomassie blue staining and densitometric scanning of the gel ( 2). The purified enzyme binds DNA in the gel retardation assay as described previously (28) .
Cofactor requirement of the wild-type and E77K endonucleases in DNA cleavage reactions. Because the E77K endonuclease weakly induces the SOS response in the dinD: :lacZ fusion strain (28) (28) . The transformants appear faint blue on an X-Gal plate, which is consistent with the low-level cleavage activity of the E77K endonuclease in vitro.
We mutagenized pAEK14-E77K plasmid DNA by passage through a mutD strain. To identify suppressing mutations, the plasmid DNA was prepared from 106 transformants of the mutD strain and transformed into Determination of the codon change for the five revertants. The entire bamHIR gene (642 bp) was sequenced for five clones that displayed partial cleavage activity. There are only two unique mutations among the five clones (two occurred in codon 76; three occurred in codon 79). Both of them are proximal to the original mutation (Fig. 3) BamHI mutant, T1531, which displays a partial cleavage activity in vitro (28) , resulted in an eightfold increase in ,B-galactosidase activity. The SOS response is induced by the low-level constitutive expression of the mutant endonuclease under PtaC control since the Ptac and lacI system is not tightly repressed in vivo (10) .
Purification of the pseudorevertant endonucleases and their cofactor preference. The wild-type BamHI purification procedure (10) was followed to purify the R76K-E77K and E77K-P79T endonucleases. They were purified to >95%, as judged by Coomassie blue staining and densitometric scanning of the gel (Fig. 1, lanes,3 and 4) . The purified pseudorevertant endonucleases, R76K-E77K and E77K-P79T, have a specific activity of 5 x 103 U/mg of protein in Mg2" buffer (Fig. 2B, lanes 2 and 3) . In comparison with the E77K endonuclease, both pseudorevertants increased activity at least 50-fold. The pseu,dorevertants are still 200-fold less active than the wild-type enzyme (106 U/mg of protein in 100 mM NaCl, 10 mM Tris-HCl [pH 7.0], 6 mM MgCl2, 1 mM dithiothreitol). Both pseudorevertants demonstrate reduced activity in Mn2+ buffer (Fig. 2B, lanes 5 and 6) , as does the wild-type enzyme. The magnitude of reduction, however, is less dramatic than for the wild-type enzyme (approximately 2-fold versus 10-fold). Hence, the suppressing mutations that partially restored activity also partially restored the cofactor preference.
Substrate specificity and stability of R76K-E77K and E77K-P79T mutants. Since R76K-E77K and E77K-P79T mutant endonucleases were isolated by indication of increased SOS response, we tested whether the SOS induction could be blocked by the expression of BamHI methylase. cells carrying the revertant endonuclease plasmids were transformed with a compatible plasmid, pADE15-bamhIM+, and plated on X-Gal indicator plates. These transformants did not demonstrate a blue phenotype. Expression of the BamHI methylase blocked R76K-E77K and E77K-P79T endonuclease damage in vivo, indicating that the lesion is BamHI site dependent.
The pseudorevertant endonucleases appear to be less stable than wild-type BamHI. The cleavage activity was reduced fivefold over 4 months of storage at -20°C in 50% glycerol. The (13) . ElliG also displays an enhanced DNA-binding activity (13) . In the EcoRI crystal structure, the Glu-111 residue is located near the DNA scissile bond (12a). (30) .
The question arises as to the nature of the induction of the dinD::lacZ fusion. Do low levels of single/double-stranded DNA cleavages or BamHI/DNA complexes induce the dinD::lacZ fusion? We argue here that the low level of SOS induction by the E77K endonuclease is probably caused by the residual cleavage activity of the enzyme. Another catalytic BamHI mutant, E113K, also shows enhanced DNAbinding activity (28) . The purified E113K endonuclease displays no detectable nicking or cleavage activity in vitro nor does E113K induce a detectable SOS response in vivo despite its enhanced binding activity (28 
